Background: Angiotensin II (ANG II) stimulates fetal heart growth, although little is known regarding changes in cardiomyocyte endowment or the molecular pathways mediating the response. We measured cardiomyocyte proliferation and morphology in ANG II-treated fetal sheep and assessed transcriptional pathway responses in ANG II and losartan (an ANG II type 1 receptor antagonist) treated fetuses. Methods: In twin-gestation pregnant sheep, one fetus received ANG II (50 μg/kg/min i.v.) or losartan (20 mg/kg/d i.v.) for 7 d; noninstrumented twins served as controls. results: ANG II produced increases in heart mass, cardiomyocyte area (left ventricle (LV) and right ventricle mononucleated and LV binucleated cells), and the percentage of Ki-67-positive mononucleated cells in the LV (all P < 0.05). ANG II and losartan produced generally opposing changes in gene expression, affecting an estimated 55% of the represented transcriptome. The most prominent significantly affected biological pathways included those involved in cytoskeletal remodeling and cell cycle activity. conclusion: ANG II produces an increase in fetal cardiac mass via cardiomyocyte hypertrophy and likely hyperplasia, involving transcriptional responses in cytoskeletal remodeling and cell cycle pathways.
r emodeling responses to biomechanical and neurohumoral stimuli have been extensively documented in the fetal, neonatal, and adult heart (1, 2) . Each of these developmental stages poses a different functional environment for the heart, resulting in distinct morphologic, genomic, and proteomic responses. For example, only the fetal heart is composed of a substantial number of mononucleated rather than multinucleated cardiomyocytes (3) . Underlying developmental differences accompanied by respective diversity in protein expression likely result in differential cardiac adaptive responses to growth-promoting stimuli.
Angiotensin II (ANG II) exerts multiple direct and indirect effects on the heart. ANG II stimulates type 1 (AT 1 ) and type 2 (AT 2 ) receptors on cardiomyocytes and vascular smooth muscle, resulting in altered cardiac structure and function from direct myocardial effects as well as from increased afterload. Direct effects of ANG II on cardiomyocytes have been described for fetal, neonatal, and adult tissues (reviewed in Schlüter and Wenzel (4) ). The majority of these studies have been performed in isolated cardiomyocytes, which may or may not reflect what occurs in vivo. We previously demonstrated that elevated ANG II levels result in an increase in fetal sheep left ventricular mass (5) . However, whether this in vivo effect was related to cardiomyocyte hyperplasia, hypertrophy, or both, as occurs with increased afterload produced by fetal pulmonary artery banding or chronic plasma infusion, is not known (3, 5) . Based on these previous studies, we hypothesized that chronic infusion of ANG II increases fetal cardiac mass through cardiomyocyte hyperplasia and hypertrophy. We additionally sought to investigate potential mechanisms regulating cardiomyocyte fate in fetuses exposed to ANG II by determining the levels of terminal proteins of the mitogenactivated protein kinase (MAPK) and phosphatidylinositol 3-kinase/protein kinase B (AKT) signaling pathways. We further undertook a transcriptome-wide discovery approach to provide information on the biological pathways regulating myocardial responses in fetuses treated with ANG II and losartan, an AT 1 receptor antagonist. The effects of reduced systolic load on cardiomyocyte morphometry were not examined in the losartan-treated animals as this strategy has previously been studied using enalaprilat (6) .
RESULTS
Thirty fetuses from 15 pregnant ewes were studied, with 10 fetuses receiving ANG II, 5 fetuses receiving losartan, and 15 fetuses serving as twin-matched controls. In the first group of fetuses, infusion of ANG II produced an increase in fetal mean arterial pressure from 44 ± 2 mm Hg on day 0 to 58 ± 3 mm Hg on day 6 ( Table 1 ; P < 0.05). No significant changes in fetal heart rate or arterial blood gas values were identified. For the second group of study, which provided the opportunity to determine ventricular mass and isolation of protein and RNA, ANG II produced a similar increase in Articles Norris et al.
fetal mean arterial pressure from 42 ± 3 mm Hg on day 0 to 60 ± 2 mm Hg on day 6 ( Table 1 ; P < 0.05). Administration of losartan resulted in a decrease in fetal mean blood pressure from 43 ± 3 mm Hg on day 0 to 28 ± 3 mm Hg on day 6 ( Table 1 ; P < 0.05). No statistical differences in fetal heart rate were observed over this period. Arterial blood gas values, including pH, PcO 2 , and PO 2 did not change over time in the ANG II-infused fetuses, whereas PO 2 decreased in the losartan-treated fetuses with PcO 2 and pH remaining unchanged ( Table 1) .
Fetal weight was similar among all groups of animals. The effects of altering arterial pressure by ANG II and losartan on the fetal heart mass are given in Table 1 . Because one group of ANG II-infused fetuses (n = 5) and their matched controls were utilized for enzymatic cardiomyocyte dissociation, weights of individual heart components were not obtained.
For animals in the second group of study, left ventricle (LV), right ventricle (RV), septum, and total heart weight (LV + RV + septum), expressed per kg fetal body weight, were significantly greater in ANG II-treated fetuses as compared with control or losartan-treated animals. Cardiac weights following losartan treatment were not statistically different from controls.
ANG II-infused fetuses displayed significant increases in the area of LV mono-and binucleated cardiomyocytes and RV mononucleated cardiomyocytes (Figure 1) resulting from increases in cell width but not length (Figure 1) . The percent binucleation (used as an index of terminal differentiation) of cardiomyocytes was not different between groups (Figure 2) . Ki-67 staining, a marker of cell cycle activity, was significantly greater in the LV of ANG II-infused animals as compared with controls, whereas no difference was identified in the RV (Figure 2 ). 
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Articles MAPK and AKT Signaling Pathways ANG II and losartan had no effect on LV steady-state protein levels on total or the phosphorylated, active forms of ERK1/2, JNK, p38, or Akt1 as compared with controls (Figure 3 ).
Impact of Renin-Angiotensin Modulation on the Cardiac Transcriptome
Cardiac gene expression was assessed for four losartan-infused and four ANG II-infused fetuses and their control twins using the Agilent G4813A ovine microarray. The global impact of ANG II and losartan on gene expression segregated into separate groups (Figure 4a ), suggesting that ANG II and losartan had distinct effects on gene expression. To further characterize the origins of this clustering pattern, we assessed principal expression components among those microarray features most impacted by ANG II and/or losartan. Interestingly, this demonstrated grouping of the ANG II vs. losartan hearts onto opposite sides of the principal component space (Figure 4b) , with the control hearts located in the intervening space. By contrast, there was no such apparent grouping in control analyses in which the same procedures were performed on (i) those genes whose expression was most likely to not be impacted by losartan and ANG II and (ii) the dataset after randomization of group identities. Thus, among genes most affected by ANG II and/or losartan, the effects of these two interventions on gene expression tended to be in opposite directions, whereas the control hearts from the two groups tended to be similar to each other with intermediary expression. ANOVA was used to identify the swath genes impacted by renin-angiotensin modulation by grouping samples as ANG Figure 3 . Effect of angiotensin II (ANG II) and losartan infusion on steadystate protein levels of (a-d) total and (e-h) activated mitogen-activated protein kinases (ERK 1/2, JNK 1/2, p38) and AKT 1 in fetal left ventricular myocardium. Control (twin of ANG II infused), white bar; ANG II infused, diagonal stripe bar; control (twin of losartan infused), black bar; losartan infused, gray bar. Values expressed as means ± SE (n = 5 for each group). (Figure 4b ) and received identical treatment. Although the ANOVA-based analysis estimated that 55% of the represented transcripts differed among the three groups, only one-fourth of these (14% of represented transcriptome) could be confidently identified at a positive false discovery rate (pFDR) of < 0.05. Hierarchical clustering was used to visualize the expression structure of the most significantly affected genes (pFDR < 0.01, 319 spots). Among these, genes upregulated by losartan tended to be downregulated by ANG II and vice versa (Figure 4c) .
Of the 15,208 probe sequences on the sheep microarray, 11,087 were well annotated by interspecies homology, meeting the following criteria: (i) stringent homology demonstrating E value < 0.001, (ii) blastn accession mapped to a single entry, and (iii) identification of both gene symbol and organism. Of these, 8,638 were nonredundant. These annotations were based on closest homology to transcripts from Bos taurus (N = 5,953), Ovis aries (N = 717), Sus scrofa (N = 525), Pan troglodytes (N = 254), Canis lupus familiaris (N = 242), and other species. Homology to mammalian species accounted for 99.8% of the annotations. There were 1,520 well-annotated transcripts exhibiting differential expression among groups (pFDR < 0.05, Supplementary Table S1 online). Of these, 675 were upregulated by ANG II and downregulated by losartan, 723 exhibited the opposing pattern, 69 were upregulated by both, and 53 were downregulated by both. The transcripts with the strongest statistical changes in expression in these four categories are detailed in Supplementary Tables S2-S5 online.
Biological Pathways With Expression Impacted by Renin-Angiotensin Modulation
Of the 643 pathways in the MetaCore database, 243 demonstrated an overrepresentation of the genes significantly affected by ANG II and losartan by Fisher's exact test, controlling for FDR of 0.05. The top 25 pathways are shown in Table 2 , and all statistically significant pathways are provided in Supplementary Table S6 online.
DISCUSSION
The fetal heart is in a continuous state of remodeling, undergoing cardiomyocyte proliferation, enlargement, and differentiation. During the last third of gestation, these coordinated processes result in a marked increase in cardiac mass. We previously demonstrated that increased systolic load from ANG II infusion increases cardiac mass in fetal sheep, though specific effects on the cardiomyocyte were not investigated (5) . In the current study, we demonstrate that increased fetal cardiac mass following ANG II-mediated increased cardiac load results primarily from hypertrophy of both mononucleated and binucleated cardiomyocytes. There also appears to be a contribution from cellular proliferation, as evidenced increased staining of the cell cycle activity marker, Ki-67. Because the ratio of mononucleated to binucleated cells did not significantly differ between groups despite an increase in LV cardiomyocyte cell cycle activity, ANG II appears to have little effect on the proportion of cells undergoing terminal differentiation. Although evidence for MAPK involvement was not found, microarray analysis from both ANG II-and losartan-exposed hearts identified several alternative pathways that may be involved in the fetal hearts response to altered load.
Normal physiologic fetal cardiac growth during the latter third of gestation primarily occurs through cellular proliferation and enlargement of myocytes as they undergo terminal differentiation (binucleation) with limited contribution from cellular hypertrophy (7) . By contrast, pathologic cardiac adaptions to altered fetal cardiac load likely include both alterations 
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Articles in proliferation and growth of mononucleated and binucleated cardiomyocytes. Pulmonary artery banding in fetal sheep results in increased cardiac mass, RV but not LV cardiomyocyte enlargement, and increased RV cardiomyocyte binucleation, suggestive of hyperplastic and hypertrophic growth (8) . Increased fetal cardiac preload and afterload induced by daily intravascular plasma infusion increased in cardiac mass associated with cardiomyocyte hypertrophy, increased cell cycle activity, and increased percentage of binucleated cardiomyocytes (3) . In this study, we found that ANG II was associated with increased cardiomyocyte area, and presumably volume. Additionally, increased Ki-67 staining in the LV suggests upregulation of cell cycle activity and thus proliferation. Evidence for more rapid progression of cardiomyocyte terminal differentiation was not seen. To study the effects of reduced systolic load on fetal cardiomyocyte development, O'Tierney et al. (6) utilized an 8-d infusion of enalaprilat, an angiotensinconverting enzyme inhibitor. Enalaprilat decreased arterial pressure by more than 20 mm Hg and significantly decreased heart weight-to-body weight ratio, suggesting attenuation of fetal heart growth. Cardiomyocyte size was not different between groups, though there was a significant decrease in LV and RV cardiomyocyte cell cycle activity, suggesting slowing of normal hyperplastic growth. Taken together, these studies emphasize the importance of cardiac load on cardiac growth. Despite growing understanding of the pathologic changes that occur in the fetal heart with alterations in load, the molecular mechanisms regulating these changes remain poorly defined. Montgomery et al. (9) observed that RV loading from pulmonary artery banding altered expression of connexin isoforms involved in gap junction formation. In both aortic and pulmonary artery banded fetuses, levels of phosphorylated p38 were significantly increased as compared with controls, whereas no differences were identified in the levels of phosphorylated (activated) ERK or JNK (10) . The role of p38 in the fetal heart has not been clearly defined, though evidence suggests that it promotes exit from the cell cycle, inducing myocyte differentiation and hypertrophy (11, 12) . In this study, we found that neither loading the heart with ANG II or unloading the heart with losartan resulted in significant changes in the levels of total or activated ERK, JNK, p38, or Akt. The absence of change in the expression of activated terminal kinases does not rule out their involvement in the observed responses, as we examined protein expression at single time point, well after the adaptive process has been initiated. The lack of change in the levels of activated MAPKs, through which ANG II is thought to directly signal cardiac hypertrophy, may also suggest that the effects of ANG II on the fetal heart result more from increased load of the heart rather than a direct effect mediated through cardiomyocyte ANG II receptors.
We utilized gene expression arrays performed on RNA isolated from a single area of the LV in ANG II-and losartan-infused fetal sheep and twin controls to explore molecular changes associated with manipulation of the fetal renin-angiotensin system. These studies show that losartan and ANG II infusion have generally opposing effects on the fetal cardiac transcriptome. The importance of the renin-ANG II axis on gene expression in the fetal heart is illustrated by the estimation that expression of more than 50% of the transcriptome was quantitatively altered by ANG II and/or losartan (see Supplementary Table S1 online). Interestingly, blockade of the renin-angiotensin system in Wistar-Kyoto rats for 4 wk with candesartan, resulting in a significant decrease in systolic blood pressure (135 vs. 104 mm Hg), produced no significant changes in cardiac gene expression on a 9000 gene array (13) . In contrast, we found AT 1 receptor blockade, which produced a significant decrease in fetal blood pressure, resulted in a large number of changes in gene expression. Our finding is consistent with the apparent dependence of load in regulating fetal cardiomyocyte proliferation and hypertrophy (6) .
To further explore mechanisms contributing to load-related remodeling of the fetal heart, we utilized results from the gene expression arrays to perform biological pathway analysis. This approach allows for identification of potential biochemical and molecular processes in the fetal heart affected by manipulation of the renin-ANG II system. Our model holds a particular uniqueness in that studies in adult animals suggest that pathologic cardiac hypertrophy is accompanied by activation of "fetal cardiac genes" and that a similar transcriptional program regulates hypertrophic cardiac growth and controls early cardiac development. Whether fetal cardiac hypertrophy represents overactivity of transcriptional regulators of normal development or involves separate pathways is not known. Chief among the pathways identified as highly impacted by fetal renin-angiotensin system modulation are those involved in cytoskeletal remodeling, transcriptional regulation, and cell cycle activity ( Table 2 ). An impact on skeletal remodeling pathways has been previously observed in the loaded or unloaded heart in several adult species, including flies and rodents (14) (15) (16) (17) . Murine cardiac transcriptome analysis following chronic ANG II infusion found the largest group of altered genes to be related to extracellular matrix, cell membrane, and nuclear pathways (18) . Among the 25 top scoring pathways altered by renin-angiotensin system modulation were also a large number involving transforming growth factor β signaling and inflammatory pathways. Identification of transforming growth factor β pathways is not surprising given their known importance in the cardiac response to pressure overload and ANG II (19, 20) . There is growing evidence that inflammation plays a role in cardiac hypertrophy, and in particular cytokines activated downstream of nuclear factor kB (21) . Along these lines, NFkB and the transcription factor AP-1 are activated by ANG II and in the postnatal heart contribute to ANG IIinduced hypertrophy (22) . The importance of the interleukin 6 pathway (item 5 on Table 2 ) in several different models of cardiac hypertrophy has also recently been highlighted (23, 24) . Taken together, these findings suggest that many of the molecular adaptations that take place in pathologic hypertrophy in the adult heart are present in response to increased pressure load in the fetal heart.
The ability to discern biological pathways regulating (i) cardiomyocyte hyperplasia from those of hypertrophy and Articles Norris et al. ( ii) cardiac responses to mechanical stress from those of humoral factors would mark tremendous progress in understanding the adaptive response of the fetal heart to increased load. As yet, however, we are unable to identify such links. Isolated and cultured neonatal and fetal myocytes have been primarily used to study the regulation of cardiomyocyte proliferation. Both chemical and mechanical factors, including pressure load, ANG II, isoproterenol, cortisol, growth hormone, and insulin-like growth factor 1, have been shown to stimulate proliferation utilizing overlapping and complementary pathways (2, (25) (26) (27) . Signaling pathways associated with these factors involve Akt, phosphoinositol 3-kinase (PI3K), ERK, Ras, and gp130 (28, 29) . Our findings of significant changes in a number of signaling pathways involving these factors (e.g., Akt signaling, PIP3 signaling in cardiac myocytes, interleukin 6 signaling pathways, and insulin-like growth factor 1 receptor signaling; Table 2 ) supports the importance of these pathways in the adaptive changes that we observed in the fetal heart.
Our study has a number of limitations. We are unable to differentiate the routes of influence by which ANG II affects cardiomyocytes. More specifically, we cannot separate the direct effects of activation or blockade of cardiac AT 1 receptors from indirect effects on the heart by changes in pressure load. Our control animals, which were paired twins, were not surgically instrumented as were study animals, and thus not perfect controls. We also did not perform validation of specific gene changes by quantitative PCR. Such studies will be important as we move forward in understanding molecular regulation of physiologic and pathologic fetal heart growth. Furthermore, the microarray studies were performed on cardiac ventricular wall tissue homogenates and not isolated myocytes. The potential contribution of nonmyocyte tissue to the expression data is recognized. We also did not perform any histological evaluation of the cardiac tissue to address whether an inflammatory process was present and potentially contributing to the transcriptome and signaling pathway results. Lastly, gene expression and protein levels were assessed at only a single time point in the development of increased cardiac mass. Had measurements been performed at an earlier time point, a different profile of gene expression likely would be evident.
In summary, our studies indicate that in vivo, ANG II increases fetal LV mass primarily by induction of cardiomyocyte proliferation and hypertrophy. Despite a welldescribed role for MAPKs in regulating pathologic cardiac growth, no involvement of terminal MAPK proteins was identified at the time point measured. To our knowledge, this study represents the first to examine changes in the transcriptome of the fetal heart in response to pressure load in an animal with a similar developmental pattern to the human. The use of gene expression profiling to identify potential signaling pathways altered in response to pressure loading and unloading that may help delineate molecular mechanisms of adaptive growth of the fetal heart. These findings provide a foundation for future experiments in the underexplored area of fetal heart growth.
METHODS

Animals and Surgical Preparation
All procedures were performed within the regulations of the Animal Welfare Act and the National Institutes of Health (Bethesda, MD) Guide for the Care and Use of Laboratory Animals and approved by the University of Iowa Animal Care and Use Committee. Timebred pregnant ewes of mixed Dorset-Suffolk breed were obtained from a local supplier and acclimated to the laboratory over several days.
Pregnant ewes at 125-126 d of gestation (term 145 d) with twin fetal pregnancies were used for the study (n = 15 ewes). Anesthesia was induced with 12 mg/kg of thiopental sodium (Pentothal Sodium, Abbott Laboratories) and maintained with a mixture of isoflurane (1-3%), oxygen (30%), and nitrous oxide. Under sterile conditions, the uterus was opened over the fetal hind limbs. Indwelling catheters (PE-90, inner diameter = 0.86 mm, outer diameter = 1.27 mm; Intramedic, Franklin Lakes, NJ) were placed into the right fetal femoral artery and vein, and a catheter for measurement of amniotic pressure was secured to the fetal skin. Control twin fetuses were not instrumented to avoid a second uterine incision and inadvertent manipulation of the first fetus that would increase the risk for loss of the surgical preparation. All incisions were closed in separate layers, and catheters were exteriorized through a subcutaneous tunnel and placed in a cloth pouch on the ewe's flank. Ampicillin sodium (2 g) (Wyeth Laboratories, Philadelphia, PA) was administered to the ewe prior to surgery, intra-amniotically at the completion of surgery and daily for 3 d. Pregnant ewes were returned to individual pens and allowed free access to food and water. Butorphanol (0.1 mg/kg i.v., Torbugesic; Fort Dodge Animal Health, Fort Dodge, IA) was given for 24 h postoperatively for analgesia. Animals were allowed 24-h recovery after surgical preparation before physiologic measurements were begun.
Experimental Protocols
To address the separate aims of the study, two sets of experiments were performed. To examine heart and cardiomyocyte growth in response to ANG II, the catheterized fetus received a continuous intravenous infusion of ANG II (50 ug /kg/min, 0.5 ml/h) using a battery operated Pegasus VARIO micro-piston pump (Instech Lab, Plymouth Meeting, PA). Physiological measurements were obtained prior to initiating the infusion, then daily for 5 d. Ewes were confined to stanchions during the recording periods, though afforded free access to food and water. Pressures were recorded with Transpac pressure transducers (Abbott, Abbott Park, IL) on a calibrated computerized system (AD Instruments, Colorado Springs, CO). Fetal arterial pressures were referenced to amniotic fluid pressure. Arterial pressure tracings were used to determine fetal heart rate. Fetal arterial blood samples were taken daily for blood gases and pH (Gem Premier 3000; Instrumentation Laboratory, Bedford, MA).
Tissue Collection, Cardiac Dissociation, and Cardiomyocyte Analysis
At the completion of the infusion, ewes were anesthetized, and the fetuses were exteriorized and administered heparin (5000 U i.v.) and saturated potassium chloride (10 ml i.v.) to arrest their hearts in diastole. Fetuses and excised hearts were weighed. Fetal hearts were then enzymatically dissociated on a Langendorff apparatus, and the cardiomyocytes fixed for morphometric analysis with the long-axis (length) and maximal cross-sectional diameter (width) dimensions of cardiomyocytes measured as previously described (3) . Fixed myocytes were prepared in a wet mount with methylene blue, and selected for measurement according to a random, nonrepeating, and unbiased method using a counting frame. Myocytes were photographed at 40× on a light microscope (Zeiss Axiophot, Bellevue, WA), and photomicrographs analyzed using calibrated Optimas software (Optimas, Seattle, WA) and Image J software (National Institutes of Health). At least 50 cells of each type (mononucleated or binucleated) were measured per ventricle per fetus. Separately, cells were stained with hematoxylin and eosin, and at least 300 myocytes from each ventricle of each fetus were counted to determine the number of nuclei per cardiomyocyte.
